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ABSTRACT

The current global energy generation in the world is mainly reliant on fossil fuels which contribute to emission
of greenhouse gases. Considering the climate change scenario, and increasing energy demands, the current
energy sources should be replaced with renewable and clean energy. Salinity gradient energy (SGE) is a clean
and renewable source of energy obtained when two solutions with different salinities mix. Places where naturally
occurring salinity gradients exist are river mouths where river meets the sea. However, considering the
importance of river as freshwater source it is essential to consider exploitation SGE using other methods. In
this study, the potential of SGE is studied for theoretical artificial saline wetlands in Africa by pumping seawater
to create brine in evaporation ponds. SGE can then be harnessed from the salinity gradient between seawater
and the highly saline pond. The aim of the study was to estimate the energy using satellite data for different
variables. The water and salt balance approach are used to determine the salinity in the evaporation ponds. In
this study, suitable locations for development of an evaporation pond atre identified and theoretical energy
estimations are made based on different combinations for the inflow and outflow of the saline water from the
pond. Furthermore, the maximum potential energy from each pond is calculated.
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1. INTRODUCTION

11  Background

The current global energy generation is mainly reliant on the combustion of fossil fuels which is one of the
major contributors to greenhouse gas (GHG) emissions and ultimately to climate change (Arias et al., 2019).
The urgent need to combat climate change as well as fulfill the rising energy demands needs a global energy
transformation which is reliant on low-carbon power. Moreover, the supply of fossil fuels is limited giving us
the opportunity to shift to renewable sources of energy which will alleviate the adverse environmental impacts
(Marin-Coria et al., 2021; Mendoza et al., 2019). Increasing access to renewable energy is the most promising
way to eliminate the use of fossil fuels (Olabi & Abdelkareem, 2022). The search for alternative and sustainable
energy sources is one of challenges we face today as the source should be environmentally friendly, freely
available, reliable, and renewable.

The Sustainable Development Goal (SDG) 7 aims to “Ensure access to affordable, reliable, sustainable, and
modern energy for all”. By 2030, the SDG 7 seeks to increase the share of renewable energy in the global energy
mix as well as boost access to clean enetrgy (Goal 7 | Department of Economic and Social Affairs, 2022). Wind power,
hydropower, biomass, geothermal energy, solar energy are renewable, sustainable, and clean sources of energy.
Together with these energy sources, the Marine Renewable Energies (MREs) or ocean energy are being
explored to harness the enormous energy from the natural activities occurring in the marine environment
(Castelos, 2014; Goffetti et al., 2018). The sources of MREs are tidal range and currents, waves, ocean currents,
ocean thermal energy conversion and salinity gradients (Lewis et al., 2011). Although any substantial progress
in technologies to harness MRE's is unlikely to occur before 2030 (Castelos, 2014), the theoretical potential for
MRE:s is immense and projected at 7.4 X 102! J /year (Lewis et al., 2011). The use of MREs can fulfil majority
of the energy demands as they provide energy through decentralized grids to the coastal regions which are focal
points of intense urban, trade, and industrial activities (Zachopoulos et al., 2022).

Amongst all the sources of ocean energies, the salinity gradient energy (SGE), also called osmotic power or
blue energy (Yin Yip et al., 2016) is contained within a system when two aqueous solutions having different salt
concentrations mix. The mixing releases free energy which arises due to the difference in chemical potential
between the two solutions and can be used to produce power (Emdadi et al., 2016; R. Pattle, 1954; Reyes-
Mendoza et al., 2020). In nature, the locations where rivers (low salinity) meet oceans or hypersaline lakes (high
salinity) are the potential areas for harnessing SGE (Jia et al., 2014a). The global theoretical SGE potential based
on the discharge of all rivers in the ocean is estimated between 1.4 to 2.6 TW (Emdadi et al., 2016) which may
satisty 40% to 80% of the global electricity requirements (Kuleszo et al., 2010). The theoretical SGE per
continent based on the annual continental discharge data was estimated by (Stenzel & Wagner, 2010) in which
they concluded Asia as the continent with highest potential. Furthermore, SGE has nearly zero GHG emissions
and minor environmental impact (Emdadi et al., 2016; Jia et al., 2014b). These estimations exclude other
systems like brine water from desalination units which can also be used to produce SGE. Thus, the importance
of this process on the global level cannot be underestimated, especially when we are in dire need of alternative
and clean energy sources.

Practically, only a small portion of the theoretical potential energy can be utilized. Factors like pumping power
in transportation of sea and river water to power plant, the amount of usable river water and variability in the
seasonal discharges of different rivers reduce the amount of SGE that can be harvested (Stenzel & Wagner,
2010). Moreover, many of the freshwater systems feeding human populations are stressed and as a result,
globally about 1.1 billion people lack access to freshwater (Water Scarcity | Threats | WWF, 2022). Rivers are
major and valuable sources of freshwater and their use for SGE generation may not be compatible with other
uses of freshwater, including drinking water, in water scarce areas.



A new approach to harness SGE by storing saline water in ponds in flatland locations remains unexplored
(Kempener & Neumann, 2014). The idea of such saline ponds or evaporation ponds along the coast was
mentioned by Gerald Wick (Wick, 1978). In this case, the salinities higher than Dead Sea can be maintained by
monitoring influx of seawater. The salinity gradient then would be created between the brine in saline pond
and seawater. Helfer and Lemckert proposed the idea of pumping seawater in lakes and decreasing the volume
of lake due to evaporation, subsequently increasing the salinity of lake (Helfer & Lemckert, 2015). Energy can
then be harvested from the salinity difference between sea and concentrated lake water. The authors proposed
Lake Torrens and Lake Eyre located in South Australia as feasible locations for saline ponds as they remain dry
almost throughout the year due to high annual evaporation and low rainfall. Such a combination of seawater
and brine water is advantageous as it does not use freshwater from rivers which are major and valuable
freshwater resources. With this approach, renewable energy can be harnessed without being a threat to
freshwater resources. Moreover, this approach is beneficial as it is not constricted by the temporal variability of
the river flows.

In the past few years Africa has seen great global population and economic growth. However, scarcity of clean
water and lack of proper electrification are some of the major challenges African countries face as almost 62%
of population is without access to electricity (De Angelis et al., 2021). To satisty the growing energy demands
while considering the climate change scenario, renewable energy will have an important role, opening new
opportunities for innovation and growth in the African energy sector. Generation of SGE by using saline ponds
will produce clean and renewable energy but not at the expense of freshwater which is already in short supply
for most of the countries on this continent. Moreover, Africa has a long coastline, year-round solar radiation
and high evaporation rates which can be used as an advantage for the development of saline ponds to harvest
SGE. This theoretical study is carried out to estimate the potential SGE using hypothetical artificial saline pond
at some selected sites in Aftrica.

1.2 Research problem

The SGE potentials from the studies so far were estimated using data from iz situ measurements, literature
review or from laboratory experiments (see section 2). Furthermore, the saline ponds using seawater as the
dilute solution to harness SGE has not been studied by many authors. The use of satellite data to assess the
SGE potential has not yet been implemented in any of the previous works. The in-situ networks that provide
data on sea surface salinity, precipitation or other variables are scarce in many parts of the world. Remote
sensing provides expanded spatial coverage, high measurement frequency and lessened risk to people going on
fields in rough terrains. Remote areas or areas which are inaccessible to carry out the field measurements can
be covered by remote sensing. Moreover, availability of near real time data is beneficial to address the study in
the current conditions. This research focuses on using the water balance approach using remotely sensed
datasets to calculate the theoretical potential SGE in an artificial wetland.

1.3  Research objectives

The main objective of this study is to use satellite data to estimate the maximum potential energy gain
using salinity gradient principle in artificial saline wetlands.

Sub- objective 1: To identify a suitable area for an artificial wetland for SGE generation in Africa

Sub-objective 2: To estimate the maximum potential energy gain using water and salt balance equations

1.4  Research questions

Sub-objective 1:

Research question 1: What are the relevant variables to be considered for identifying suitable area for
evaporation pond?



Research question 2: Where are the suitable areas for energy generation located?
Sub-objective 2:

Research question 1: Which combination of parameters is most suitable for energy generation in the artificial
wetland?

Research question 2: What is the maximum potential energy gain from the artificial wetland?



2. LITERATURE REVIEW

2.1  Methods to harvest SGE

When two solutions with different salinities mix free energy is released which can be lost as heat if the mixing
is uncontrolled (Yin Yip et al., 2016). To harvest SGE, controlled mixing of the two solutions is required which
can be achieved by different processes. Although many techniques have been described to harvest SGE,
Pressure retarded osmosis (PRO) and reverse electrodialysis (RED) remain the most studied technologies (Budi
et al.,, 2021; Haddout & Priya, 2020; Sharma et al., 2022). Thus, this section will give a brief overview of these
two processes.

The PRO method was first described by Prof. Sidney Loeb in 1975 (Loeb & Norman, 1975) and has undergone
improvements over the years. In this method, the dilute solution, known as the feed, is separated from a
pressurized and concentrated (saltier) solution by a semipermeable membrane which allows the passage of
water, nut no ions. The concentrated solution (draw) solution pulls the feed solution through the membrane.
This dilutes the draw solution increasing the volume flow rate of water and the resulting high pressure solution
is used to run the turbine to produce power (Helfer et al., 2014; Logan & Elimelech, 2012). Figure 1 shows a
diagram of energy generation using PRO for river water vs. seawater. The Norwegian company, Statkraft
established the first osmotic power plant based on PRO in 2009, however due to high operating costs, the plant
was closed for further developments.
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Figure 1 Schematic diagram of RED process (Logan & Elimelech, 2012)

The second approach, RED was first described by Pattle in 1954 (Pattle, 1954). It uses ion-selective membranes
which allow passage of either negatively charged or positively charged ions. The stack of membranes is arranged
in an alternating pattern and the sections between them are alternately filled with a concentrated salt solution
and diluted salt solution. The cations and anions move in the opposite direction and the ion current formed is
used to produce electrical power (Logan & Elimelech, 2012; Post et al., 2007; Veerman et al., 2010; Wick, 1978).
The RED approach was studied in laboratory by an institute in Netherlands. Its spin-off company REDstack
operates the first RED plant since 2014 which is located on the Afsluitdijk in the Netherlands (Schaetzle &
Buisman, 2015). Figure 2 shows a schematic diagram of the RED process whereas Figure 3A and 3B show the
location and schematic diagram of the RED plant operated by REDstack respectively.
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Figure 2: Schematic diagram of the RED process (Logan & Elimelech, 2012)

In Figure 2, the blue arrows indicate fresh water while the red arrows represent saltwater. The energy generated
by mixing of these waters is harvested by the cation-exchange membranes (CEMs) and anion-exchange
membranes (AEMs).
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\Figure 3 Location of the RED plant on Afsluitdijk in Netherlands; Inset 3B- Schematic of the RED /ﬂﬂ
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The main difference between PRO and RED is that PRO uses the water flux through membranes for electricity
generation while RED relies on ion flux across the membranes (Logan & Elimelech, 2012). A study by (Post
et al., 2007) comparing both these techniques concluded that PRO is suitable for SGE generation using
concentrated saline brines while RED performs well for power generation using seawater and river water. The
advantages of PRO over RED considering factors such as membrane materials and power density was
described by (Sharma et al., 2022). The energy efficiency and power density performance of PRO and RED
was examined by (Yip & Elimelech, 2014). This study concluded that PRO could attain better efficiencies and
power densities over RED as PRO membranes restrain the harmful leakage of salts and make use of the salinity
difference more efficiently. Apart from the comparative studies, numerous studies have also investigated the
performance of PRO (Lin et al., 2014; Thorsen & Holt, 2009) and RED (Daniilidis et al., 2014; Dlugotecki et
al., 2009; Vermaas et al., 2012) independently. Although both the technologies are in constant development,
the technical potential for real scale plants remains unclear but may increase with the improvement of
membranes and other components.



2.2 SGE potential estimation studies

Several studies have been carried out to estimate SGE potentials on global, continental, and country level. Most
of the studies investigate the SGE potentials for the mixing of river water and seawater. The global SGE
potential is reported to be 1650 TWh/year by (Thorsen & Holt, 2009; Yip et al., 2011) and 27 TWh/year by
(Stenzel & Wagner, 2010). The latter study also calculated technical and ecological potential by considering
constraints like pumping power for transporting the river and seawater and amount of usable river water. In

the same study, the SGE potentials on continental level were estimated using the annual river discharge values
from the Global Runoff Data Centre (GRDC) model. The theoretical and technical potential for 16 river basins
in China was estimated as 0.04 TW and 0.022 TW respectively (Kuleszo et al., 2010). This study also assessed
the future trends of SGE, for the years 2030 and 2050, and the possible effects on greenhouse gas emissions if
coal was replaced by SGE in electricity production. The SGE potential of 10 rivers in Quebec, Canada was
estimated by (Maisonneuve et al., 2015) to be 30 TWh/year. The authors also considered the variations in tiver
flow rate, concentration and temperature and concluded that the lowest power potential was enough to meet
the entire power requirements in Quebec region. Estimations of SGE potentials for particular rivers and

seawater have been reported from different studies which are summarized in Table 1. Furthermore, SGE

potentials have also been calculated for rivers entering hypersaline systems like Lake Urmia in Iran, Lake Eyre
and Torrens in Australia are also summarized in Table 1.

Table 1: Estimations of potential SGE from different studies

(Loeb, 2002)

(Helfer & Lemckert, 2015)

(Jahromi et al., 2015)

(Alvarez-Silva & Osorio, 2015)

(Khodadadian Elikaiy et al., 2021)

(Zachopoulos et al., 2022)

Seawater vs. river water

Authors Combination of aqueous solutions | Study site
(Concentrated vs. dilute)
Amazon river, Brazil
La Plata-Parana River, Argentina
(Wick, 1978) Congo River, Congo

Yangtze River, China
Ganges River, Bangladesh

Mississippi river, United States

Brisbane river, Australia

Bahmanshir River, Iran

Magdalena river, Colombia

Arvand River, Iran

Strymon river, Greece

(Helfer et al., 2014)

Great Salt Lake, United States

(Wick, 1978)

Brine from hypersaline systems vs. | Dead sea, Israel
(Loeb, 2001) river water Great Salt Lake, United States
(Helfer & Lemckert, 2015) Lake Eyre and Lake Torren, Australia
(Emdadi et al., 2016) Lake Urmia, Iran

Even though sea water and river water make a great combination for harnessing SGE, the importance of rivers

as a freshwater source limits the usage of entire river flow for this energy. Thus, search for alternative salt

solutions for SGE extraction is necessary. Apart from the studies focusing on natural salinity gradients (river
water vs seawatet/brine water), some research has also been done on estimation of SGE potentials for brine
water from industrial or desalination units. As opposed to the studies in Table 1 (Kang et al., 2022) studied the
capture of SGE from desalination unit using the RED method wherein they calculated the SGE potential by
using real seawater as diluted solution and seawater discharged from desalination unit as the concentrated

solution. They observed that using seawater as dilute solution increases the power density but the sediments in
the discharged seawater can be harmful for the membranes, however this limitation can be removed by filtration

of the sediments. Five real water pairs consisting of river water, seawater, desalination brine, saline water from

pickling plant and treated wastewater, collected from different sites in North Carolina, USA were examined for
the effect of natural organic matter and inorganic solutes on power densities using RED method (Kingsbury et




al., 2017). The maximum power density was from pickling plant water and the river water. A coal-mine brine
solution was stimulated by (Turek et al., 2008) to study the economic feasibility of SGE that could be obtained
from salinity gradient produced by coal—mine brine and river water in Poland. (Zoungrana et al., 2020)
estimated the SGE potential from treated wastewaters discharged in Marmara Sea in a lab-scale RED setup.
Thus, river water or freshwater is not the only option which can be utilized as the diluted solution component
for the recovery of SGE. Moreover, development of suitable and cost-effective membranes will increase the
scope of SGE recovery which is not restricted to the naturally occurring salinity gradients.



3. METHODOLOGY

The overall methodology for this study is given shown below (Figure 4). The study was carried out in two
phases based on the two sub-objectives (see section 1.3)
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Figure 4 Overall methodology flowchart



This study required various spatial datasets and the reason for using the datasets is given in Table 2.
Table 2 Purpose of different datasets used in the study

Data variable Purpose

Precipitation (P) To see the spatial distribution of precipitation over Africa for identification of areas
with low precipitation. Precipitation was the input for the RET-P map to identify areas

with RET>P. Precipitation was also used in water balance (see section 3.1)

Reference To see the spatial distribution of RET over Africa for identification of areas with high
Evapotranspiration (RET) | evapotranspiration. RET was the input for the RET-P map to identify areas with

RET>P. RET was also used in water balance (see section 3.1)

Elevation High elevations require added investments due to transportation costs. Elevation
threshold (<15 meters above sea level) was chosen to identify low-lying areas.

Slope (derived from Steep slopes are unsuitable for transport of seawater to evaporation pond and such

elevation) areas need extensive land-levelling work which increases project expenditure. Slope

threshold (<3°) was used for this study

Landcover Landcover was used to include areas with bare/sparse vegetation and avoid croplands,

built-up areas, water bodies and important ecosystems.

Sea Surface salinity It is essential to determine the salinity of evaporation pond which is unknown (..(6). It
is also the important variable in ..(1) which is used to estimate the potential energy

Sea Surface temperature | It is essential to estimate the theoretical energy ..(1)

3.1 Theoretical potential energy

For this study, an artificial and hypothetical wetland is used as an evaporation pond to generate salinity gradient
between the seawater and the pond. Although the first step in this study is the identification of the suitable sites
for evaporation pond, it is important to know the theoretical approach used in this study related to the salinity
gradient principle. This section describes the steps used to estimate the theoretical potential energy estimate
from the evaporation pond.

The amount of potential energy that can be gained from salinity gradient depends on sea salinities and
temperature of the mixing solutions and the inflow of diluted solution (Kuleszo et al., 2010). The theoretical
potential can be calculated using equation 1 which based on Gibb’s free energy equation (Emdadi et al., 2016)

U=0, x2RT (cz 2Cp )+(cz ZCC) -0
= Qin P G, e T C,

Where, U is theotetical potential SGE (J/s), O is inflow rate (m3/s) of the dilute solution (seawater), T is
temperature (K), Cp is concentration of salt in diluted solution (mol/m?3), Cc¢ is concentration of salt in
concentrated solution in (mol/m?) and R is the universal gas constant (8.314 J/(mol.K)).

Thus, for estimation of the theoretical potential energy, temperature, the flowrate of the diluted solution (Qi)
and salinities of the diluted and concentrated solutions are important variables.

In this study, the values and inflow (0;,) and the outflow (Q,.) rates of water from the pond will be determined
by using the water balance approach. Furthermore, the salinity of the pond (C¢) can be estimated from the
water and salt balance approach described in the following sections.

3141 Water balance and salt balance

The general water balance equation is given as:



dS = Qin— Qoue + (P—ET —1) ()

Where, dS is the change in storage, O, and O, tepresent the inflow and outflow (m?3/s), here for the evaporation
pond which can be controlled by pumps. P is the total precipitation rate on the lake (m3/s), ET is the rate of
evapotranspiration from the whole lake (m3/s) and I is the infiltration. Figure 5 shows the conceptual diagram
for theoretical evaporation pond.

P ET
Gain loss
Seawater din Constructed Qout
inflow Wetland outflow
I

Figure 5: Conceptual diagram for the water balance in the evaporation pond

Here, the pond is assumed as a steady state system and all the balance equations are done for steady state
condition and losses due to infiltration are considered as zero. In steady state conditions, there exists an
equilibrium in the terms of water balance, therefore, the dS=0, and thus the equation 2 can be written as

Qout = Qin + (P —ET) -(3)

Here, the values for P and ET for the study area are obtained from spatial datasets. Rearranging equation 3, the
difference between P and ET should be equal to the difference between Qi and Qoue. To estimate the maximum
potential gain, Q;, will be varied to assess the ideal combination for maximum potential gain in ponds of
different area sizes. O, can be obtained from equation 3. Since the values of precipitation, evapotranspiration,
temperature, and salinity of seawater are actual values in the study area obtained from spatial datasets, only O,
and Q.. can be varied to determine the salt concentration in the pond which is used in equation ..(7 to estimate
the potential energy.

The salt balance is given by the equation
Qin X Cp = Qout X Cc + (P —E) X Cy ~(4)

Where Cp is the salinity of sea water, C¢is the concentration of salt in the evaporation pond and C,, the salinity
of (P-E) in mol/m?3,

Considering the precipitation and evaporation as (by approximation) pure watet, Cw=0 mol/m?, the equation
4 can be rewritten as

Qin X Cp = Qout X C¢ -

Thus, the salinity of the evaporation pond can be given by

¢, = gi“t % Cp 6)



Using the above equation, the equilibrium salt concentration in the evaporation pond can be calculated. This
can be used to determine the potential energy gain from the pond using equation ..(7.

Thus, this study focuses on using the water and salt balance approach to determine the potential energy from
an artificial pond. The feasible sites for the location of the pond were identified in Africa for which the
methodology is described in the following sections.

3.2  Study area

Africa, the second largest continent in the world, comprises 54 countries and has a population of 1.4 billion
which is equivalent to 16.72% of the total world population (Population of Africa (2022) - Worldomseter, 2022) and
it is likely to double by 2050 (Doorga et al.,, 2022). The population growth will lead to increase in energy
demands. Currently, the electricity generation in Africa is heavily reliant on fossil fuels (40% Natural gas, 30%
coal and 90% Oil) and the renewable energy mainly from hydropower, solar, wind and geothermal (IEA, 2019).
However, hydropower needs alternative options as water resources are limited in Africa with high frequency of
droughts. SGE generation using river water is challenging not only due to limited freshwater resources but also
because of transboundary rivers which may create political disputes. Thus, the proposed method of using
seawater-evaporation ponds for SGE in Africa is promising as it does not involve use of transboundary water
bodies. Moreover, the evaporation ponds are feasible due to low precipitation and high evaporation in many
parts of Africa (See 10, Figure 16 and Figure 17). Furthermore, the feasibility of renewable energy depends
upon several geographical, environmental, and political factors and thus it is important that investments for
renewable energy are made at appropriate locations. Thus, this study also focuses on identifying suitable area
for the evaporation pond in Africa.

3.3  Data description and preparation

This section describes the raster and vector datasets used in the study. The purpose of each data variable is
already mentioned in Table 2. The raster datasets for precipitation, evapotranspiration, sea surface temperature
and sea surface salinity were acquired for the year 2019. The land cover dataset is a product from ESA which
is provided for the year 2020. Table 3 provides the general characteristics of the datasets and a brief description
of the datasets is given below.

3.3.1 Raster Data

e Precipitation

The daily files for the GPM IMERG final precipitation (Huffman et al., 2019) were downloaded from the GPM
directory (https://disc.gsfc.nasa.gov/) in NetCDF format. The Final Run Daily product is derived from the
half houtly product by summing the valid retrievals for the day and the unit is mm (equivalent to kg/m2). The
daily precipitation files were summed to obtain the total annual precipitation (mm/year) and then clipped to
the extent of the Reference Evapotranspiration (RET) dataset. Further the annual data was downscaled to
match the resolution of the RET dataset (0.17°) using the bilinear interpolation method which is recommended
for continuous datasets such as precipitation (Saleh et al., 2018; Ulloa et al., 2017) as the output cell value is

assigned a new value by taking the weighted average of the four bordering cells. Since the RET, elevation and
land cover datasets are in GeoTIFF format, the annual precipitation file was converted from NetCDF to
GeoTIFF for ease of further analysis.

e Evapotranspiration

The annual Reference EvapoTranspiration (FAO, 2020) was obtained from the Water Productivity through
Open Access of Remotely sensed derived data (WaPOR) dataportal (https://wapor.apps.fao.org/) in GeoTIFF
format. This portal by Food and Agtricultural Organization (FAO) provides spatial data over Africa and the
Near East for different variables related to land and water for agricultural productivity. The annual product



https://disc.gsfc.nasa.gov/
https://wapor.apps.fao.org/

has a higher quality due to the gap filling and interpolation methods. The annual RET is obtained by summing
the daily RET giving the result in mm.

e Elevation and slope

The Shuttle Radar Topography Mission (SRTM) provides Digital Elevation Data (DEM) at 90 m resolution
(Reuter et al., 2007) which was used in the study. The data was downloaded through Google Earth Engine
(GEE) as GeoTIFF image for Africa. The slope in degrees was generated from the elevation data for further
analysis.

e Land cover

The landcover dataset used in this study was obtained from (https://esa-worldcover.org/) which provides a
global land cover product with 11 classes at 10m resolution for the year 2020 derived from Sentinel 1 and 2

(Zanaga et al., 2021). Due to the large data size, the data was obtained only for the potential study sites in Africa
which are described further chapters. The landcover data was resampled to 90m using the nearest neighbor
method. It was used along with elevation and slope rasters to create a suitability map.

e Sea Surface Temperature

The level 4 sea surface temperature was obtained from the project Group for High Resolution Sea Surface
Temperature (GHRSST) which is provided by the UK Meet office in netCDF4 format for the year 2019 (Chin

daily files were used to obtain the annual mean temperature which was used throughout the study.

e Sea Surface Salinity

The salinity data was obtained from the Barcelona Expert Center (BEC) which provides salinity products
derived from the SMOS data (Olmedo et al., 2021). For the coastal areas, radio frequency interferences affect
the quality of SMOS observations because the sources emit in the wavelength range where SMOS measures
and are much stronger than the small signals from ocean and land surfaces. The data from BEC cope with land
and radio frequency contamination thus making the data appropriate for the coastal areas. The daily L4 Sea
Surface Salinity (SSS) product which has been validated using the Argo near-surface measurements was
obtained for the year 2019 from (http://bec.icm.csic.es/). The daily files were used to obtain the annual mean

salinity which was used throughout the study.

3.3.2 Vector data

The shapefile for Africa boundary was used to clip raster datasets to Africa which was obtained from ICPAC
geoportal.


https://esa-worldcover.org/
https://podaac.jpl.nasa.gov/dataset/OSTIA-UKMO-L4-GLOB-v2.0
http://bec.icm.csic.es/

Table 3 Summary of the datasets used in the study

Variable Source Spatial | Platform/Sensor Time span
and
temporal
resolution
Precipitation NASA GPM 0.1°x https://gpm.nasa.gov/resources/documents 2000 June- Sep
IMERG Final | 0.1°, Daily | algorithm-information/IMERG-V06-ATBD 2021
Run
Reference FAO WaPOR 0.17°, MERRA/GEOS-5, MSG 2009 January-
Evapotranspiration Annual Present
Elevation NASA/CGIAR 90 m SIR-C 2018-Nov-
Present
Landcover ESA 10 m Sentinel-1 and 2 2020
WorldCover
Sea surface UK Met Office 0.05°, GOES-16 / ABI 2006-Dec-31 to
temperature Daily TRMM / TMI Present
MSG2 / SEVIRI
NOAA-20 / AVHRR-3
METOP-A / AVHRR-3
Sea surface salinity BEC 0.05°, SMOS/MIRAS 2011-2019
Daily

3.4  Site suitability

3441

RET -P and coastal proximity

For the specific site selection, the main criteria for choosing the potential sites were that the annual RET should

be greater than the annual precipitation. For this purpose, a map of RET — P was generated in QGIS using the
raster calculator. The areas with RET- P > 0 and RET > 2000 mm/year were identified. Furthermore, as
seawater is the source of inflow for the pond, area near the coast is preferred. A buffer of 100 km was applied

from the African coastline to ensure the proximity to the seawater since it will reduce the energy and costs for

pumping seawater in the evaporation pond. Figure 6 shows the 5 potential sites selected for further analysis
based on the RET-P calculations and the coastal proximity.



https://gpm.nasa.gov/resources/documents/algorithm-information/IMERG-V06-ATBD
https://gpm.nasa.gov/resources/documents/algorithm-information/IMERG-V06-ATBD
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Fagure 6: (A) RET-P map with the locations of 5 sites (B) Site 1 showing the 100 km coastal proximity

3.42  Elevation, slope and landcover

The clevation and slope analyses are important for identifying flat areas which are suitable for development of
evaporation ponds. Furthermore, low lying lands with flat terrain are preferable for pumping of seawater in the
pond. Table 1 shows the maximum and minimum values of elevation and slope in the areas and the criteria for
selecting flat areas from the five sites. The landcover is also an important criterion to know the agricultural and
built-up areas which cannot be used as a location for the pond. Moreover, landcover was used to eliminate sites
with permanent water bodies and important ecosystems like mangroves and grasslands. As most of the sites lie
in Saharan region, they majorly have batre/sparse vegetation cover as seen in Figure 7, except a few areas which
covered with mangroves, croplands and built-up areas like cities and roads. To avoid the latter landcover areas,
all the landcover classes apart from bare/sparse vegetation were excluded for the site suitability analysis.

Table 4: Elevation and slope for the five sites

Site Elevation (m) Slope (degrees) Criteria for site selection
Minimum Maximum Minimum  Maximum

1 -67 367 0 27

2 82 1401 0 50 Elevation <= 15 AND Slope <=3

3 -5 2683 0 68

4 -100 2309 0 55

5 -168 2400 0 52
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Figure 7: Landcover classification- site 1

Using the criteria mentioned above for elevation, slope and landcover, the suitability maps for all the sites were
prepared and locations for the theoretical ponds were marked in these sites. Based on the suitable area in each
site, a pond of minimum 100 km? was marked to estimate the potential energy gain by creating grids of 10 km
X 10 km for all the sites. The sites lacking uninterrupted suitable areas (= 100 sq km) for construction of the
pond were excluded from further analysis for the estimation of energy gain.

3.5 Estimation of SGE potential

The mean precipitation and evapotranspiration data for the evaporation pond area marked at the 5 sites was
obtained using zonal statistics tool in QGIS. This tool provides statistics like mean, median, maximum,
minimum, standard deviation etc. for pixels of a raster that are within a polygon in vector layer. Table 5 shows
the sizes of ponds at each site and the mean values for the required variables were obtained for these area sizes.
Sites which did not have uninterrupted areas for pond are marked as NA. Furthermore, the corresponding
values for sea surface salinity and temperatures were also obtained by using the same tool.

After getting all the required values, the salinity for all the ponds was obtained individually using the water and
salt balance approach as described in section 3.1.1. The theoretical potential energy for each pond was calculated
using ..(7.



Table 5 Area size of ponds at the 5 sites

Site Area size (km?)
108.74
, 217.98
Site 1 434.61
1307.21
. 219.599
Site 2 283.92
Site 3 NA
, 109.342
Site 4 217.473
Site 5 NA

3.6  Uncertainty propagation for potential SGE

The potential SGE is detrived from many parameters ..(7) like T, 0;, Cp and Cc. To calculate the uncertainty of
U, the law of uncertainty propagation was applied to find error propagation of different variables involved in
calculation of U.

The value of O, is derived from P and RET. The value for uncertainty for P and RET was assumed to be 5%.
Firstly, the uncertainty of (J, which arises from P and RET was calculated by taking the uncertainty for P-RET

e R

-(8)

0Qin = (1 x0.05)2 + (1 x 0.05)2
Qi = 0.071m3/s

The uncertainty of 0, from equation 8 was used for calculating the uncertainty in the U. The value of universal
gas constant is always the same and the error associated with it is negligible as compared to other errors. Hence,
it was not included in the uncertainty calculations for U.

Similar to equation ..(7, the uncertainty for U was calculated as shown below

U= (6U >2+<6U T>2+<6U C>2+<6U C) -
oU= I\3q, 70n ar ? ac, P ac.’c

o denotes the uncertainty equation ..(9) describes the propagation of the uncertainty into the power generation,

assuming all uncertainties of the inputs are independent from each other.

The uncertainty in T was taken 0.1 which is given in the GHRSST Data Specification
(https://www.ghrsst.org/documents/q/category/gds-documents /operational /) and for the other variables as
0.5.

The uncertainty value for U was 0.1 (10%) J/s.


https://www.ghrsst.org/documents/q/category/gds-documents/operational/

4. RESULTS

41  Site suitability

Based on the variables considered for identification of suitable areas for development of evaporation ponds, 5
sites were chosen as potential areas. The suitability maps for the five sites are described in this section. Overall,
site 1 had the most and largest suitable areas, while site 3 and site 5 did not have continuous suitable area for
evaporation pond. As described in section 3.5, the potential energy estimates are calculated over different pond
sizes however, the maps show the location and area of the largest pond marked in that site. In all the sites,

orange indicates unsuitable areas while green indicates suitable area for evaporation pond.
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Site 1 (Figure 8) had more suitable area as compared to the other sites. The elevation and slope values in site 1
lie lower range (Table 4) than the other sites which indicate presence of low-lying flat areas with gentle slopes
which are suitable. Moreover, the major landcover in site 1 is bare/sparse vegetation which is a positive criterion
for pond suitability. Majority of the suitable area lies in Mauritania while Morocco, Western Sahara and Senegal
have some specks in the coastal regions. The small patches although suitable do not have sufficient area for a

pond of minimum 100 km?.

Figure 8: Site 1 suitability map
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Figure 9: Site 2 suitability map

Site 2 which is in North African countries Libya and Egypt has some small suitable areas bordering the coast
but are not large enough to build a pond. Figure 9 shows the location of the pond of 283 km? which
approximately 50 km from the coast. The unsuitable area in northeast of Egypt is due to the presence of built-
up areas and croplands around the Nile delta. Although there is some area close to the coast in Libya, it is
interrupted by cities due to which building a pond is not feasible. Hence, the location of the pond area for this
site was chosen inward from the coast away from the settlements.
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Figure 10 Site 4 suitability map

Site 4 (Figure 10) is spread over four countries Eritrea, Ethiopia, Djibouti, and Somalia. Most of the suitable
area lies in Ethiopia, close to the Ethiopia-Djibouti border. The horn of Africa has negligible suitable area, and



a relevant size pond cannot be constructed in such small patch. At the fringes there is a continuous strip of
suitable land especially in Eritrea and Dijibouti again which is not large enough to build a pond. Thus, the
location of pond in this site, like site 2 was chosen inward from coast. The unsuitability of the area is due to
high elevation values (see Table 4) attributed to the presence mountainous tegions in all these countries.
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Figure 11 Site 3 and 5 suitability maps

Figure 11 shows suitability maps for site 3 and 5 which are in the northeast and southwest of Africa, respectively.
The high elevation values at both the sites due to the mountains like Emba Soira, Eritrea (site 3) and Brandberg
mountain in Namibia (site 5) render majority of the area in these both sites unsuitable. Furthermore, presence
of some coastal cities in Sudan and Egypt along with croplands in Site 3 limits the suitability. In both these sites
a continuous suitable area was unavailable for an evaporation pond. Hence, both these sites were not considered
while estimating the potential SGE.

In the next section, the energy estimations from sites 1, 2 and 4 for each pond are presented.

4.2  Theoretical SGE energy potential

The average values for variables required to calculate U in site 1, site 2 and site 4 were obtained as described in
section 3.5. This section describes the potential energy estimations with different parameters such as area of
the pond, combination of {;, and Q.. and salinities of the seawater and pond. Table 6 shows in detail the all
the above variables and the corresponding energy at each site. Overall, the highest estimation of potential SGE
was from high pond salinities, large areas and low 0,/ Qus combinations.



Table 6: Theoretical SGE potential for each pond

Site Pond area Qin Qin Qout SST Co Cc Energy
factor  [aX(P-
(2) RET)]
(o) @/s) (/) (&)  (mol/m)  (mol/m)  (MW)
1 108,774,000 2 20.55 10.28 2944 501.5 1003 8.57
1.5 15.41 5.14 1504.5 19.79
1.3 13.36 3.08 2173.16 36.82
1.2 12.33 2.06 3009 59.97
11 11.30 1.03 5516.5 135.30
217,983,000 2 40.52 20.26 2943 500.9 1001.8 16.87
1.5 30.39 10.13 1502.7 38.97
1.3 26.34 6.08 2170.5 72.50
1.2 24.31 4.05 3005.4 118.07
11 22.29 2.03 5509.9 266.36
434,611,000 2 82.58 41.29 2943 5009 1001.8 34.39
1.5 61.93 20.64 1502.7 79.43
1.3 53.67 12.39 2170.56 147.76
1.2 49.55 8.26 3005.4 240.62
11 45.42 4.13 5509.9 542.84
1,307,271,000 2 260.27 130.14 2945  502.3 1004.6 108.75
1.5 195.20 65.07 1500.9 251.19
1.3 169.18 39.04 2176.63 467.25
1.2 156.16 26.03 3013.8 760.91
11 143.15 13.01 5525.3 1716.54
2 219,599,000 2 30.39 15.20 2943 5228 1045.6 13.21
1.5 22.79 7.60 1568.4 30.51
1.3 19.75 4.56 2265.46 56.76
1.2 18.23 3.04 3136.8 92.43
11 16.71 1.52 5750.8 208.52
283,920,000 2 39.40 19.70 2945 5249 1049.8 17.20
1.5 29.55 9.85 1574.7 39.74
1.3 25.61 5.91 2274.56 73.93
1.2 23.64 3.94 3149.4 120.40
11 21.67 1.97 5773.9 271.61
4 109,342,000 2 21.04 10.52 301.6  600.9 1201.8 10.77
1.5 15.78 5.26 1802.7 24.88
1.3 13.67 3.16 2603.9 46.29
1.2 12.62 2.10 3605.4 75.38
11 11.57 1.05 6609.9 170.07
217,473,000 2 41.84 20.92 301.7  601.7 1203.4 21.46
1.5 31.38 10.46 1805.1 49.57
1.3 27.20 6.28 2607.3 92.20
1.2 25.10 4.18 3610.2 150.16
1.1 23.01 2.09 6618.7 338.74




4.2.1 Potential SGE and salinity of pond

SGE mainly depends on the salinity gradient ..(1), thus higher salinity gradient will result in higher values of
energy. The results in



Table 6: Theoretical SGE potential for each pondshow increasing values of potential SGE with increasing
salinity gradient. The salinity of the pond is mainly dependent on Cp, Qi and Qo ..(6). The salinity of seawater
at site 1 was between 501-503 mol/m3 (~35.7 PSU) which is the typical salinity of seawater. However, site 2
and site 4 had higher salinities in the range of 522-525 mol/m3 and 600-602 mol/m?3 respectively (~37-38 PSU)
which are also higher than the typical salinities of seawater. Hence, site 2 and site 4 also had higher salinities for
the evaporation pond as compared to site 1. The salinity gradient increases with decreasing 0, factor as seen
Error! Reference source not found. which shows salinity of largest pond at every site. Thus, to gain more
energy while keeping the area constant, only the values for 0, and Q.. can be varied to get the optimal salinity
gradient since the salinity of the seawater is fixed for a certain area.
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Figure 12: O, factor vs salinity of largest pond at every site

4.2.2 Potential SGE and area of pond

Although site 1 has lower salinity values, it has the maximum estimation for potential SGE amongst all the
sites. This is due to the area of pond size. Site 1 had the biggest potential pond area (1307.2 km?) with potential
SGE 1716.54 MW. Table 6 shows that the highest potential SGE in each site is from the largest pond in that
area. Table 7 shows the percent increase in energy due to the percent increase in the area. The percentage energy
gain was calculated with respect to smallest pond area at the site. Furthermore, the values are compared only
for the highest potential SGE in each area highlighted in Table 6. For site 1, the area increases of 100 % shows
energy gain of 97%. Thus, the ratio between pond area rise and energy gain is ~1:1.



Table 7: Relationship between area change and energy gain

Area change Energy gain (%)
(%)
Site 1 100% 97%
300% 301%
1102% 1169%
Site 2 29% 30%
Site 3 99% 99%

4.2.3 Potential SGE and Qin, Qout

Table 6 shows the highest potential SGE at each site for the lowest factor of Q. At all the sites the maximum
energy possible was for the 0, factor of 1.1 X (P-RET) while the minimum energy was for the (;, factor of 2
X (P-RET). The plots (Figure 13-Figure 15) below are for the largest pond at every site and show the potential
SGE with respect to O, and O, For the other sites the plots are provided in Appendix (Figure 18-Figure 21).
In every case, potential SGE is increasing with decreasing values of Qi and Q... Furthermore, as stated in
section 4.2.1, Oy and Qs also play an important role in influencing the salinity of the pond which ultimately
influences the potential SGE. The salinity of the pond is determined by 0, and the plots below show the
dependence of SGE to this influx. When @, = P-RET, Q..+ becomes zero. Thus, the evaporation pond with
no outflow will ultimately result in salt crust if all water is lost to evaporation. Furthermore, if 0;, > 2 X (P-
RET), the salinity gradient is small which will give very low estimations of energy. The O, factor of 1.1 yields
the maximum U (Table 6). If 0, is factor is taken below 1.1 the salinity of pond increases to values which are
not practical to maintain in the evaporation pond. Hence, the @, factor was varied only between 2-1.1 to
calculate theoretical SGE potential.
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Figure 13: Qi and Qo vs. potential SGE for area of 1307 kms? in site 1
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Figure 15: Qin and Qont vs. potential SGE for area of 217 kn? in site 4

5. DISCUSSION

5.1 Site specific SGE potential

Initially five sites were identified as potential locations for the evaporation pond out of which two sites (site 3
and site 5) were excluded from the potential SGE estimations due to lack of a sufficiently large suitable area.
Site 1, located in northwest Africa, had the largest pond of all the three remaining sites as well as the highest U
(1716.54 MW). Furthermore, the location of the evaporation pond at site 1 is closer to the coast as compared
to the other two sites. Thus, a SGE plant built at site 1 will have reduced energy and costs for pumping seawater
to the evaporation pond due to its proximity to the coast as compared to the other sites. The evaporation pond
is located close to Nouakchott, the capital city of Mauritania which is an important economic center with a
deepwater port and international airport. An SGE plant built here would provide clean energy which can be



utilized for commercial as well as household purposes. The location of evaporation ponds at sites 2 and 4 is
inshore with some unsuitable areas between the coast and the ponds. The unsuitable areas could be due to high
elevation or steep slopes. In such cases, although there is a feasible area that can be used for evaporation pond,
the transport of seawater to the pond will consume more energy due to elevation changes. The unsuitable areas
in between could also be due to unsuitable landcover like croplands or tree cover making the transport of
seawater a challenging process. The nearest urban area near the evaporation pond in site 2 is Ajdabiya, an
important town in Libya. However, the highest theoretical SGE from this site is 271.61 MW and the energy
that could be actually obtained will fall far below this value considering factors like energy inputs for water
transfer to the plant, membrane costs, and operating costs. Site 4 evaporation pond also does not have high
potential energy due to the small pond size. Considering the technical potential to be substantially lower than
theoretical SGE, building a pond at these two sites will not be affordable.

5.2 Comparison with other renewable energies

The true potential of the salinity gradient energy can only be understood after comparing it with other sources
of renewable energy. Currently, Africa has no existing SGE plant and hence all the comparisons are based on
theoretical SGE. Africa has a large solar deposit; thus, it will be relevant to first compare SGE to solar energy
and then to other the other sources.

521  Solar energy

The SGE from each site has been compared to potential or practical solar energy calculations from literature
for the same areas. Nouakchott, Mauritania which is located near site 1 evaporation pond has the largest
operational solar plant in Africa. It produces 15 MW which can satisfy 10% of the energy requirements of
Nouakchott (El Hacen Jed et al., 2020). This value is quite lower than the theoretical SGE from evaporation
pond (1716.54 MW) and even after considering the technical potential the SGE will be more. The advantage
of the solar plant over evaporation pond is low land requirement and developed technology which will make
solar energy less expensive than SGE. A study conducted to identify solar power potential sites in East Shewa,
Ethiopia (Gerbo et al., 2020), which lies close to site 4 estimated 2.2 X 106 MW energy can be obtained from
an area of 564 km? which is much higher than the maximum theoretical SGE at this site. Finally, for site 2
which is in Libya the theoretical SGE is more than some photovoltaic (PV) projects planned in the country
(Maka et al., 2021). PV projects with power between 40 MW and 100 MW have been planned in different cities
of Libya. Considering the technical SGE potential to be 50% of the theoretical SGE, the highest energy
estimation is approximately 135 MW which is higher than the energy obtained from PV. Thus, site 1 and site 2
would generate more SGE as compared to PV, however at site 4 the energy from PV is more.

52.2  Wind energy

A 30 MW wind farm is operational near Nouakchott city in Mauritania since 2015. The farm provides 5.073 X
105 MWh to the power grid (Heiba et al., 2021). This value is based on the operating hours of the wind farm
and a relevant comparison to potential SGE at this site is not possible. The wind potential in three regions of
Libya including Tripoli, the capital city was assessed by (Kassem et al., 2019). The maximum wind potential
from a single windmill in the three regions was in the range of 0.991 MW to 1.5 MW . However, the total power
from these wind farms depends on the number of windmills. The exploitable potential wind power in Ethiopia
is 10,000 MW (Astess et al., 2013) however the operational wind farms have capacity of 52 MW. An area of
401 km? can be used to construct 2005 MW wind farm. Theoretical SGE estimate from evaporation pond of
217 km? in Ethiopia (site 4) was 338.7 MW. The technical potential is below this value and a similar size area
would have lower SGE potential than wind power.

Although the above comparisons give some idea about status SGE compared to PV and wind other factors
like operation costs, energy costs, life cycle of the plant and area footprint should be considered for a detailed
comparison. Moreover, the other sources of energy are already in operational stages while the SGE estimations



remain at theoretical level. Thus, the practical limitations and advantages of a fully functioning PRO/RED-
SGE plant cannot be assessed.

5.3  Advantages and limitations of SGE in evaporation ponds

The main advantage of extraction of SGE from evaporation ponds is that it does not pose a threat to valuable
freshwater resources. Compared to river-seawater SGE systems, this system remains unaffected by the temporal
inconsistency of the inflow as seawater, unlike river water, is abundant. Moreover, the filling of evaporation
ponds can boost the rainfall in the region due to increased evaporation from the pond water. The land
requirements for evaporation ponds are large, however they can serve other purposes like usage of the pond
for salt production. The saline ponds could be used as ecological recreational site to introduce flora and fauna
suitable to highly saline ecosystems. Moreover, setting up resorts and fishing villages could boost the economy
through recreational methods and cover some operating costs for the SGE plant.

In this study the infiltration losses from pond were not considered which will also affect the theoretical
estimations. Furthermore, the energy required for transport of water to the membrane unit needs to be
considered while estimating the technical potential. The energy estimations are done using annual mean values
for all the parameters. The potential SGE might increase or decrease if the seasonal values are considered and
the seasonality of all the variables in reality will affect the efficiency of SGE plant.

The environmental impacts of such a pond should also be considered. The accumulation of salts on land due
to seawater transport can hamper the soil quality and in case the plant goes out of operation the land may
permanently become saline and unsuitable for other purposes. Currently, this approach is conceptual and needs
economic analysis to establish financial viability. It also involves construction of pipelines/canals for seawater
transport. Although the canals can be navigable, the implementation costs will be overly high. Furthermore,
acquisition of lands will have legal restrictions which need to be considered before making plan for the pond.
Lastly, the membrane area and costs also need to be considered and if the membranes become available at
industrial level and low cost, such evaporation ponds will be feasible.



6. CONCLUSION

This study was carried out to estimate the maximum potential energy from saline ponds at some suitable sites
in Africa. Precipitation, evaporation, elevation, slope, and landcover are important criteria to identify the
suitable areas. The flow of 0, and Q.. can be controlled within limits, and the maximum energy was calculated
tor O, = 1.1X (P-RET). For this study, the northwest region of Africa, especially Mauritania was identified as
the most suitable area to build an evaporation pond with theoretical estimations of 1716.54 MW. Even if the
technical potential is 40-50% of the theoretical potential, an SGE plant in this area would provide significant
clean energy. Further estimations for costs of membrane, transportation of water and energy will help to assess
the financial viability of this method.

This section also includes answers to research questions in section 1.2

Research question 1: What are the relevant variables to be considered for identifying suitable area for
evaporation pond?

For initial suitability assessment, the most important variables to be considered for identification of suitable
areas are the higher evaporation rates than precipitation as the salinity in the evaporation pond since evaporation
is the main driver for the salinity in the pond. Furthermore, coastal proximity is necessary as seawater is pumped
in the pond. Elevation and slope are important to identify low lying areas with gentle slopes. Lastly, landcover
is important to exclude waterbodies, croplands, built-up areas and important ecosystems like forests or
mangroves.

Research question 2: Where are the suitable areas for energy generation located?

The large suitable areas for evaporation pond are located close to the coast and in the countries Mauritania,
Libya, and Ethiopia.

Research question 1: Which combination of parameters is most suitable for energy generation in the artificial
wetland?

Since Qi and Qs were the only variables that could be varied, the highest combination of energy was obtain
when O, and Q. values were low. The low values had the theoretical ponds with highest salinities creating
large salinity differences in the pond and seawater which led to high energy estimations.

Research question 2: What is the maximum potential energy gain from the artificial wetland?

The maximum theoretical potential energy was 1716.4 MW from the evaporation pond of 1307 km?2 in site 1.
Considering the technical potential to be 40-50% of the theoretical and, the energy obtained is significant and
can be used to provide electricity for different activities in the country.



/. RECOMMENDATIONS

In this study, the energy estimations were carried out using open-source remote sensing data. The use of in-
situ data, especially for the salinities of seawater will help to validate and improve the accuracy of the energy
estimations. The SGE generation majorly depends on the membrane area and density, thus the consideration
of these factors will give practical estimations of energy. Most of the studies have applied either PRO or RED
method to estimate the theoretical energy and a suitable method for this approach should be identified to
suggest the type of plant that can be built for the seawater-evaporation pond system. Furthermore, the pond
areas for this study were considered as rectangle and did not include the drainage basin for water accumulation.
More realistic results can be generated if water basin and factors like flow direction and flow accumulation are
taken into consideration.

8. ETHICAL CONSIDERATIONS, RISKS AND
CONTINGENCIES

The research was carried out by using open data sources. The research is a theoretical study to estimate the
y g op Y
potential energy and building of the infrastructure is not proposed which would be sensitive for local people
or the environment. Thus, use of any sensitive data or ethical requirements like ‘consent to publish or
participate’ are not required. In this research, authenticity and truthfulness will be shown in recording all the
data, analysis methods used, findings and undetlying assumptions.
Y g ying p
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10. Appendix
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Figure 17 Total Reference evapotranspiration in Africa(mm)-2019




Q,, and Q,, vs. Potential SGE
Site 1 (area 108 km?)

Qqyt (M3/s)
1 3 5 7 9 11
145
= 125
2 105
w85
A 65
© 45
£ 25
2 s —t—e
e 10 12 14 16 18 20 22
Q;, (m?/s)
=@=Qin ==0==Qout
Figure 18: Qin and Qont vs. potential SGE for area of 108 km2 in site 1
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Figure 19 : Qin and Qout vs. potential SGE for area of 217 km?2 in site 1
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Figure 20: Qin and Qont vs. potential SGE for area of 434 km2 in site 1
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Figure 21: Qin and Qout vs. potential SGE for area of 219 km?2 in site 2




